We describe evidence for a novel mechanism of monoclonal antibody (MAb)-directed nanoparticle (immunoliposome) targeting to solid tumors in vivo. Long-circulating immunoliposomes targeted to HER2 (ErbB2, Neu) were prepared by the conjugation of anti-HER2 MAb fragments (Fab ¶ or single chain Fv) to liposome-grafted polyethylene glycol chains. MAb fragment conjugation did not affect the biodistribution or long-circulating properties of i.v.-administered liposomes. However, antibody-directed targeting also did not increase the tumor localization of immunoliposomes, as both targeted and nontargeted liposomes achieved similarly high levels (7-8% injected dose/g tumor tissue) of tumor tissue accumulation in HER2-overexpressing breast cancer xenografts (BT-474). Studies using colloidal gold-labeled liposomes showed the accumulation of anti-HER2 immunoliposomes within cancer cells, whereas matched nontargeted liposomes were located predominantly in extracellular stroma or within macrophages. A similar pattern of stromal accumulation without cancer cell internalization was observed for anti-HER2 immunoliposomes in non-HER2-overexpressing breast cancer xenografts (MCF-7). Flow cytometry of disaggregated tumors posttreatment with either liposomes or immunoliposomes showed up to 6-fold greater intracellular uptake in cancer cells due to targeting. Thus, in contrast to nontargeted liposomes, anti-HER2 immunoliposomes achieved intracellular drug delivery via MAb-mediated endocytosis, and this, rather than increased uptake in tumor tissue, was correlated with superior antitumor activity. Immunoliposomes capable of selective internalization in cancer cells in vivo may provide new opportunities for drug delivery.
Introduction
Targeted delivery of anticancer drugs to tumors has been long sought to improve the therapeutic index of cancer treatment. Liposomes represent a now well-established strategy for drug delivery, and have entered clinical use after years of optimization. Although the first generation of liposomes was limited by modest drug encapsulation efficiencies and rapid clearance by the reticuloendothelial system, progressive optimization has resulted in more stable and long-circulating liposomes with increased deposition in tumors (1, 2) , which provide potential clinical benefits in certain cases. The next generation of nanoparticle-based drug delivery systems includes immunoliposomes, in which antibody fragments are conjugated to long-circulating liposomes for targeted drug delivery ( for review, see ref.
3).
We have previously described anti-HER2 immunoliposomes, in which sterically stabilized liposomes containing polyethylene glycol (PEG) were conjugated to monoclonal antibody (MAb) fragments specific for the HER2 (ErbB2, Neu) oncoprotein (4, 5) . Anti-HER2 immunoliposomes selectively bind to and internalize in HER2-overexpressing cancer cells in vitro via receptor-mediated endocytosis, thus potentially providing a vehicle for intracellular drug delivery (5, 6) . Doxorubicin-loaded anti-HER2 immunoliposomes produced marked therapeutic results in HER2-overexpressing xenograft models, and were significantly superior to all other treatment conditions tested, including free doxorubicin, nontargeted liposomal doxorubicin, recombinant anti-HER2 MAb trastuzumab, and combinations of these other agents (4) .
Here, we provide experimental evidence for the mechanisms underlying this increased antitumor efficacy, and show that it does not involve enhanced accumulation of anti-HER2 immunoliposomes in tumor tissue due to antigen binding. Rather, both liposomes and immunoliposomes localized at high levels in tumor tissue, but revealed a marked difference in pharmacodynamics with respect to tumor cells in vivo: immunoliposomes, but not liposomes, mediated intracellular drug delivery to HER2-overexpressing cancer cells in animal models.
Materials and Methods
Liposome and immunoliposome preparations. The liposome matrix was phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL), cholesterol (Calbiochem, San Diego, CA), and N-methoxy-PEG (molecular weight, 1,900)-oxycarbonyl-distearoylphosphatidylethanolamine (DSPE; Genzyme, Cambridge, MA) as previously described (4) . MAb fragments consisted of either Fab ¶ fragments, rhuMAbHER2-Fab (7), from recombinant humanized anti-HER2 MAb trastuzumab (Genentech, Inc., South San Francisco, CA), or human anti-HER2 single chain Fv (scFv) F5 with COOH-terminal cysteine (8) (9) (10) (11) . The linker was N-[a- (2- [N ¶-maleimido]propyonylamido)-PEG-omega-oxycarbonyl]-DSPE (6, 10, 11) . PEG chains had a molecular weight of 2,000. For biodistribution and tissue microdistribution studies, immunoliposomes were prepared as previously described (6) , including a linker at 2 mol% of liposomal phospholipid, and conjugation to recombinant anti-HER2 Fab ¶ derived from trastuzumab; Fab ¶ density was f33 Fab ¶/immunoliposome. For flow cytometry studies, immunoliposomes were prepared by micellar incorporation of anti-HER2 scFv F5 as previously described (10, 11) . The final linker concentration, including F5-conjugated and residual unconjugated (cysteine-quenched) linker was f0.2 mol% of the liposomal phospholipid; scFv density was f20 scFv/immunoliposome. Unused linker was cysteine-quenched in all liposomes where present. Liposome/immunoliposome size was 90 to 110 nm by dynamic light scattering.
For radiolabeling, 67 Ga (1.0-1.5 ACi/Amol phospholipid) was loaded into liposomes and immunoliposomes containing 95 mmol/L of sodium diethylenetriamine pentaacetate (DTPA; pH 5.5) using USP diagnostic grade ( 67 Ga)-gallium citrate (12) . Encapsulation of colloidal gold was done as described (13) ; to facilitate the entrapment of gold chloride solution, liposomes were prepared with egg phosphatidylcholine and reverse-phase evaporation (14) , and MAb fragments were conjugated following gold encapsulation. Liposomes containing water-soluble fluorescent marker, ADS645WS (American Dye Source, Inc., Quebec, Canada), were prepared with hydration of the neat lipid matrix of DSPC, cholesterol, and PEG-DSPE (3:1:1 by weight) in 5 mmol/L dye solution in normal saline, followed by sequential membrane extrusion and Sepharose CL-4B (GE Healthcare, Piscataway, NJ) chromatography to remove the unencapsulated dye. The mean nanoparticle size was 86 nm. Immunoliposomes were prepared from ADS645WS-loaded liposomes by coincubation with a micellar solution of F5-maleimide-PEG-DSPE conjugate at a ratio of 10 Ag protein/Amol liposomal phospholipid (9) (10) (11) . ADS645WS-loaded nanoparticles were concentrated in a stirred ultrafiltration cell on an Amicon YM100 membrane (Millipore, Billerica, MA) to reach a concentration of 40 to 44 mmol/L of phospholipid. Liposomal phospholipid concentration was determined by phosphate assay (15) . Conjugated protein was assayed by the dye-binding method (Bio-Rad Laboratories, Hercules, CA) and SDS-PAGE with Coomassie blue staining and spectrophotometry of the 49 kDa band at 595 nm. The HER2-specific reactivity of radiolabeled immunoliposomes was confirmed in cultured SK-Br-3 cells (0.2 mmol/L liposome phospholipid after 4 hours of incubation at 37jC).
Tumor and tissue uptake of lipidic nanoparticles in mice. Tumor cells (2 Â 10 7 ; BT-474 or MCF-7) were inoculated s.c. in the upper back of 4-to 6-week-old female NCR homozygous nude mice, with sustained-release 17h-estradiol pellets (Innovative Research of America, Sarasota, FL) implanted in the lower back, and allowed to grow for 10 to 14 days postinoculation. Studies included 54 animals with tumors ranging from 220 to 1,200 mm  3 (median, 450 mm   3 ). For each agent (HER2-targeted or nontargeted), animals were randomly assigned to nine groups of three animals each, corresponding to time points of 4, 8, 12, 24, 48, 72, 99, 123 , and 168 hours postinjection. Liposomes with encapsulated 67 Ga-DTPA were injected via tail vein at 40 Amol phospholipid/kg of body weight. At the indicated times, the animals were anesthetized, exsanguinated via open heart puncture, and perfused through the left ventricle. Blood, tumor, and other tissues were collected and weighed; liposome levels were determined by radioactivity counting, and corrected for radioactive decay. The total injected dose was calculated from the injection volume and specific activity of the liposome/immunoliposome preparations measured simultaneously with tissue samples. Linear regression analysis did not show significant correlation between liposome uptake (expressed as the percentage of injected dose per gram of tissue) versus tumor size, which was consistent with previous observations (16) .
Microdistribution of lipidic nanoparticles within tumor tissue. Colloidal gold-labeled liposomes/immunoliposomes were injected i.v. into tumor-bearing mice at a dose of 0.4 mmol phospholipid/kg. Results represent six separate experiments in BT-474 or MCF-7 models and a total of 24 animals. Tumor volumes ranged from 100 to 700 mm 3 . Forty-eight hours later, animals were sacrificed; tumors were fixed overnight with 4% formaldehyde in PBS, embedded in glycol methacrylate, and cut into 3-Am sections. Sections were made serially through multiple regions of each tumor (4, 5) , excluding grossly necrotic areas, followed by silver enhancement using the Aurion R-Gent kit (Electron Microscopy Sciences, Fort Washington, PA) and light staining with H&E. To avoid artifacts, the silver-enhancement time was adjusted to prevent the appearance of silver grains in the tissue-free section area and on the concurrently enhanced sections of blank (liposome-free) tumors. Sections were examined using bright-field and dark-field microscopy. At low power magnifications, lightreflective silver staining was visualized by side illumination using the Darklite fiber optic illuminator (Micro Video Instruments, Avon, MA). Observations from tumor-to-tumor and section-to-section varied somewhat in terms of total liposome/immunoliposome accumulation, but were consistent as to tumor cell versus stromal partitioning. Representative micrographs are shown in Results.
Quantitative analysis of immunoliposome/liposome uptake in tumor cells in vivo. ADS645WS-loaded nontargeted liposomes or F5-conjugated immunoliposomes were injected i.v. into mice bearing BT-474 s.c. tumors (360-600 mm 3 ; four animals per group) at 0.4 mmol phospholipid/kg. Nontreated animals provided tumors that served as controls. Forty-four hours later, animals were sacrificed by cervical dislocation, and tumors were excised, mechanically fragmented, and treated sequentially with two portions of disaggregation solution [0.1% collagenase type IV (Sigma Chemical Co., St. Louis, MO) and 0.003% DNase I in Hank's buffered salt solution] for 20 minutes at 37jC with slow agitation. Following centrifugation at 4jC, cell pellets were gently resuspended in cold PBS containing 0.1% bovine serum albumin (BSA; type V, Sigma) and 0.02% sodium azide (BSA-PBS-azide). To differentiate cancer cells from cells of the mouse host, the cell suspension was stained with FITC-conjugated mouse MAb against human epithelial antigen (HEA125; Miltenyi Biotec, Auburn, CA) on ice for 15 minutes. The cells were diluted with cold BSA-PBS-azide, centrifuged and resuspended in BSA-PBS-azide, and centrifuged again. After three washes, cells were resuspended in PBS, fixed with paraformaldehyde (0.9% final concentration), and strained through a 53-Am nylon mesh. Flow cytometry was done (FACSCalibur, BD Biosciences, San Jose, CA) using the fluorescein (FL1) channel for HEA-FITC and Cy5 (FL-4) channel for liposomal ADS645WS. Cultured BT-474 cells served as a positive control for HEA staining. Ten thousand scatter-gated signals were collected per sample.
To verify intracellular localization of particles, cell suspensions were examined with a Nikon T2000 inverted confocal microscope employing FITC and Cy5 detection laser-filter sets for visualization of HEA and liposomes, respectively.
Cytochemical identification of tissue macrophages. Glycol methacrylate-embedded tissue sections +/À silver enhancement were stained for nonspecific (a-naphtyl acetate) esterase using a commercial kit (91-A, Sigma), except that Fast Violet Red LB was substituted for Fast Blue BB to afford nonoverlapping colors between the esterase reaction (violet) and black silver grains signifying liposome localization. Sections were counterstained in Gill's hematoxylin no. 3, mounted in crystal/mount (Biomeda, Foster City, CA), and examined by microscopy. There was no difference in pigment localization in sections stained before or after the silver enhancement step.
Results
Design of anti-HER2 immunoliposomes. Anti-HER2 immunoliposomes were produced by covalent conjugation of recombinant MAb fragments to sterically stabilized/pegylated liposomes. Liposomes consisted of small (80-100 nm) unilamellar vesicles containing phosphatidylcholine, cholesterol, PEG (molecular weight, 2,000)-modified PEG-DSPE, and maleimide-terminated PEG-DSPE to afford covalent conjugation of MAb fragments to the termini of surface-grafted PEG chains (''PEG-MAb linkage''; ref. 6 ). Conjugation was very efficient (>90% of added MAb fragment) and yielded high ligand density (>20 MAb fragment per immunoliposome). As controls, nontargeted pegylated liposomes were prepared identically except for the omission of MAb fragment conjugation.
Anti-HER2 MAb fragments included either Fab ¶ derived from recombinant humanized MAb trastuzumab (17) or scFv F5, isolated via phage antibody screening for internalization in target cells (8) . Immunoliposomes containing these or other MAb fragments have not shown any significant differences in pharmacokinetic properties (ref. 4, 18 ; data not shown). Whether constructed with trastuzumab-derived Fab ¶ (4) or scFv F5 (9), anti-HER2 immunoliposomal doxorubicin showed superior antitumor efficacy over nontargeted liposomal doxorubicin in HER2-overexpressing tumor models in vivo.
Biodistribution of anti-HER2 immunoliposomes. Radiolabeled liposomes and anti-HER2 immunoliposomes were prepared by the encapsulation of 67 Ga-DTPA chelate, which is essentially membrane-impermeable and released only on breakdown of liposomes in tissues; once released, 67 Ga-DTPA is then rapidly excreted (12) . We have reported that liposomes containing encapsulated 67 Ga-DTPA display essentially identical pharmacokinetics to cognate liposomes containing doxorubicin (4). This pharmacokinetic profile differs markedly from that of free Gd chelates, including Ga-DTPA, and rules out any significant Ga or Ga-DTPA release from liposomes during circulation. Furthermore, even if any released Ga were subject to transchelation such as to transferrin, the pharmacokinetics of liposome-encapsulated 67 Ga-DTPA corresponds to that of the liposomes themselves (t 1/2 , 12-16 hours or more; ref. 4) and not to Ga-transferrin complexes (t 1/2h , f140 minutes; refs. 15, 19) . Thus, liposome-encapsulated 67 Ga-DTPA provides an ideal in vivo marker for liposomal drug. A dose of 40 Amol phospholipid/kg was used in the biodistribution studies as it is equivalent to the therapeutic dose used in antitumor efficacy studies of liposomal versus immunoliposomal doxorubicin, which showed increased efficacy for immunoliposome treatment (4).
Twenty-four hours after i.v. injection, both anti-HER2 immunoliposomes and nontargeted liposomes distributed to comparable levels in all of the sampled normal tissues (Table 1) . Immunoliposomes displayed a biodistribution pattern characteristic of longcirculating liposomes (20) , including reduced reticuloendothelial uptake and high blood concentrations. It is notable that the presence of MAb fragments on immunoliposomes did not result in any apparent alteration of liposome biodistribution or pharmacokinetics. These results are consistent with the plasma pharmacokinetics previously observed for anti-HER2 immunoliposomes in normal adult rats, in which immunoliposomes and sterically stabilized liposomes displayed equally long circulation times (4).
Tumor localization of anti-HER2 immunoliposomes versus nontargeted liposomes. Increased tumor localization of MAbs and immunoconjugates has long been considered a paradigm for antibody-based cancer treatments. Because both MAbs and liposomes accumulate in tumors, we carefully evaluated the tumor localization of anti-HER2 immunoliposomes, including direct comparisons with nontargeted liposomes in HER2-overexpressing tumors following i.v. administration. Importantly, the anti-HER2 MAb-mediated targeting of immunoliposomes did not increase tumor accumulation over that of nontargeted sterically stabilized liposomes (Table 2 ). Both anti-HER2 immunoliposomes and nontargeted liposomes showed efficient localization in breast tumor xenografts: liposome levels reached 7% to 8% injected dose/ g tumor tissue whether MAb fragments were present or not, and whether the tumor was HER2-overexpressing (BT-474) or not (MCF-7).
Some MAb/ligand-directed liposomes have been reported to provide prolonged retention in tumor tissue (21) , suggesting increased tumor exposure to liposomal drug, and therefore increased efficacy. We evaluated the kinetics of liposome and anti-HER2 immunoliposome accumulation in tumors for 7 days postinjection (Fig. 1A) . The time course of tumor concentration was largely identical for nontargeted liposomes and immunoliposomes. In both cases, tumor levels increased during the initial 24 hours postinjection, remained at high levels until 72 hours, and then slowly declined thereafter, with >1% injected dose/g of tumor tissue still remaining after 7 days. Although tumor levels of immunoliposomes were somewhat higher than those of nontargeted liposomes at certain time points, these differences were not significantly different (P > 0.05, two-tailed unpaired Student's t test) with the exception of a single time point (120 hours). We did not observe any significant label washout in these studies. As noted, the pharmacokinetic profile of liposome-encapsulated 67 Ga-DTPA seen here corresponds closely to that of liposomal and immunoliposomal doxorubicin in our previous studies (4), indicating highly stable encapsulation of marker or drug while circulating. The cellular metabolism of Gd-DTPA was not examined. As a positive control for the targeting effect in vitro, the same preparation of anti-HER2 immunoliposomes showed markedly greater uptake in cultured HER2-overexpressing breast cancer cells than nontargeted liposomes (Fig. 1, inset) .
Doxorubicin-loaded anti-HER2 immunoliposomes showed significantly greater antitumor efficacy than nontargeted liposomal doxorubicin in this same BT-474 tumor model (4, 9) , as well as in other HER2-overexpressing models (4). Yet, anti-HER2 immunoliposomes at equivalent doses failed to show increased accumulation or retention in tumor tissue compared with their nontargeted counterparts, thus ruling out increased tumor localization as the mechanism responsible for the therapeutic advantage of immunoliposome delivery.
Intratumoral distribution of anti-HER2 immunoliposomes versus nontargeted liposomes. This paradox was further investigated in detailed analyses of liposomes and immunoliposomes within tumor tissue, which revealed fundamental differences in microdistribution and cellular localization for anti-HER2 immunoliposomes in HER2-overexpressing tumors versus their nontargeted counterparts. As previously reported, anti-HER2 immunoliposomes undergo receptor-mediated endocytosis in target cells in vitro, resulting in intracellular delivery of encapsulated agents, whereas nontargeted liposomes do not bind or internalize in these cells (5, 6) . To evaluate the distribution of these particles within tumor tissue following i.v. administration, anti-HER2 immunoliposomes or matching nontargeted liposomes labeled with encapsulated colloidal gold were administered i.v. in nude mice bearing BT-474 or MCF-7 tumors. Microdistribution studies using gold or fluorescently labeled liposomes/immunoliposomes employed a dose of 0.4 mmol/kg, which was higher than that used in biodistribution and therapy studies in order to achieve greater signal.
Forty-eight hours postinjection, tumors were harvested and immunoliposomes/liposomes were visualized in tumor sections by light microscopy following silver enhancement (13) .
Low-power magnification microscopy of BT-474 tumors showed that both nontargeted liposomes and anti-HER2 immunoliposomes had extravasated in large amounts from tumor vessels ( Fig. 2A  and B) , consistent with the high tumor levels previously measured. Both nanoparticles were observed in areas of apparently viable tumor tissue, in necrotic regions, and particularly at the interface between these regions-a zone often associated with high local concentrations of angiogenic and permeability factors and consequent neovascularization (22, 23) . Tumor penetration of liposomes and immunoliposomes clearly exceeded the predominantly perivascular deposition often reported with liposomes in other studies (24, 25) ; furthermore, a ''binding site barrier'' phenomenon described for some tumor cell-specific antibodies (28) was not observed for anti-HER2 immunoliposomes. At intermediate magnification of BT-474 tumor tissue, immunoliposome localization seemed to be qualitatively different from that of liposomes. Whereas immunoliposomes were distributed throughout tumor tissue in close association with tumor cells (Fig. 2C  and D) , nontargeted liposomes showed a more uneven or patchy distribution, with high focal accumulation within tumor stroma and less association with tumor cells (Fig. 2E and F) .
At high-power magnification, anti-HER2 immunoliposomes were predominantly detected within tumor cells, as evidenced by silver grains in tumor cell cytoplasms (Fig. 3A) . Internalized immunoliposomes were often concentrated in the perinuclear region of the cytoplasm, consistent with our previous observations in HER2-overexpressing cells in vitro (5, 6). In contrast, nontargeted liposomes accumulated predominantly within tumor stroma, either in the extracellular space or within tumor-resident macrophages (Fig. 3B) . This extracellular and macrophage disposition is consistent with previous reports of the microdistribution of longcirculating liposomes within tumors (24) . In marked contrast with anti-HER2 immunoliposomes, intracellular localization of nontargeted liposomes in cancer cells was a rare event. The accumulation of nontargeted liposomes in macrophages, however, was extremely high, with the amount of silver grains per cell too numerous to count.
As a further control, gold-labeled immunoliposomes or nontargeted liposomes were administered i.v. in the MCF-7 breast cancer xenograft model, which lacks HER2 gene amplification and expresses HER2 at low or basal levels (f10 4 HER2 receptors/cell; immunohistochemistry score ''1+''; ref. 26) . The microdistribution of immunoliposomes in MCF-7 xenograft tissue was identical to that of nontargeted liposomes, showing only stromal and macrophage accumulation and virtually no tumor cell internalization (Fig. 3C) . The mononuclear cells accumulating both HER2-targeted and nontargeted liposomes were confirmed to be macrophages by cytochemical staining for the monocyte marker, nonspecific esterase (Fig. 3D) . In contrast, anti-HER2 immunoliposomes in BT-474 tumors were observed within tumor cells lacking nonspecific esterase staining (Fig. 3E) . Thus, in the absence of tumor targeting, either due to the absence of MAb fragments (nontargeted liposomes) or due to insufficient antigen expression (anti-HER2 immunoliposomes in MCF-7 tumors), liposomes could accumulate to high levels in tumor tissue but fail to associate directly with cancer cells.
Cellular analysis of systemically treated tumors. To provide quantitative assessment of this targeting effect, we did two-color (Fig. 4A) . Forty-four hours after i.v. injection of fluorescently labeled liposomes or immunoliposomes, the EpCAM(+) tumor cell population showed a noticeable shift in fluorescence in the case of immunoliposomes, but showed a minimal shift with nontargeted liposomes. In the EpCAM(À) cell population, fluorescence uptake was comparably low in both liposome-and immunoliposometreated animals ( Fig. 4B and C) . Observations of the event density ( frequency) profiles of EpCAM and liposome signal intensity on two-dimensional graphs (Fig. 4D-F) indeed showed two distinct populations with high or low EpCAM staining. In animals receiving i.v. nontargeted liposomes, the liposome signal was distributed evenly between these two populations (Fig. 4D) . In contrast, in animals receiving i.v. immunoliposomes, there was a pronounced shift of the EpCAM(+) population into higher immunoliposome signal (Fig. 4E) .
To distinguish intracellular versus surface uptake in tumor cells, confocal microscopy was done on the same samples ( Fig. 4G and  H) . This analysis demonstrated that in cells showing positive staining with anti-EpCAM-FITC (i.e., in cancer cells), immunoliposomes were indeed internalized, whereas nontargeted liposomes showed minimal internalization. EpCAM-negative cells containing immunoliposomes or liposomes in high amounts were also observed, consistent with liposome-laden macrophages seen in histologic studies (Fig. 3) .
Finally, the flow cytometric assay enabled quantitative analysis of the differential uptake of liposomes versus immunoliposomes in tumor cells versus host/murine cells following i.v. treatment of BT-474 tumor xenografts (Table 3) with nontargeted liposomes. Because these measurements were obtained at a single time point (44 hours posttreatment) following one injection, this 6-fold increase in tumor cell uptake of immunoliposomes represents a robust therapeutic advantage in terms of total intracellular drug exposure. We cannot exclude that the higher doses used in the microdistribution studies may have altered the precise ratio of internalized versus noninternalized liposomes/immunoliposomes as compared with the therapy studies, perhaps decreasing this difference at higher doses due to greater nonspecific uptake.
Discussion
Anti-HER2 immunoliposomes were designed to achieve targeted intracellular delivery to HER2-overexpressing tumor cells. This design has several key features. First, immunoliposomes were rendered long-circulating by modifications including steric stabilization with a PEG-lipid conjugate. Second, the conjugation of multiple antibody fragments was achieved without compromising the pharmacokinetics or biodistribution of long-circulating liposomes. Antibody fragments Fab ¶ and scFv, rather than intact immunoglobulins, were used to minimize immunogenicity and to circumvent clearance via Fc receptor-mediated mechanisms. Finally, immunoliposomes were optimized for internalization in target cells, including the use of Fab ¶ fragments from trastuzumab (28) or scFv F5 independently selected based on internalization ability in HER2-overexpressing cells (8) . MAb fragments were also positioned distally from the liposome-grafted PEG layer to allow unhindered interaction with the target (6, 29) .
We have previously reported that targeted delivery of doxorubicin via anti-HER2 immunoliposomes produced significantly enhanced antitumor efficacy in multiple HER2-overexpressing breast cancer xenograft models as compared with all other treatments tested, including liposomal doxorubicin lacking MAb fragments and the commercial preparation of pegylated liposomal doxorubicin (Doxil; ref. 4). Thus, targeting conferred substantial therapeutic advantage over nontargeted liposomal drug delivery. The present study now provides direct experimental evidence for a distinct mechanism for this enhanced efficacy, i.e., specific association of anti-HER2 immunoliposomes within HER2-overexpressing cancer cells rather than extracellular accumulation within tumor tissue. Antibody-based agents for cancer therapy, either MAbs themselves (''naked MAbs'') or immunoconjugates, have been proposed to provide selective, increased tumor localization due to antibody binding. Contrary to this paradigm, tumor tissue accumulation of immunoliposomes was not significantly increased by MAb targeting, even though immunoliposomes treatment was associated with superior antitumor efficacy over nontargeted liposomes. This result is consistent with the following model for macromolecular agents such as liposomes or other nanoparticles: the rate-limiting step for their tumor localization is extravasation from tumor vasculature, and this is driven by factors such as circulation time and particle size. MAb-antigen interactions do not necessarily facilitate this process. Rather, both anti-HER2 immunoliposomes and nontargeted liposomes equally benefited from the ''enhanced permeability and retention'' (EPR) effect, in which long-circulating agents undergo preferential extravasation at sites of abnormal tumor vessel microanatomy associated with tumor angiogenesis, and combined with deficient tumor lymphatics leads to ''passive targeting'' or accumulation in tumors (30) . Preclinical (31, 32) and clinical studies (33) previously showed that long-circulating liposomes do in fact preferentially accumulate in tumors as predicted by the EPR effect. Indeed, the efficiency of tumor localization observed for both targeted and nontargeted liposomes in this study (7-8% injected dose/g at 24 hours) was superior to that of free anti-HER2 MAb in similar models (34) . The lack of increased tumor accumulation of alternatively designed anti-HER2 immunoliposomes as compared with nontargeted sterically stabilized liposomes has been previously reported (35) . However, in these studies, antibody-directed targeting also did not result in therapeutic gain, possibly because of insufficient immunoliposome internalization.
The mechanism of anti-HER2 immunoliposome-mediated drug delivery is novel and distinct from that associated with drug delivery by nontargeted liposomes. Nontargeted sterically stabilized liposomes have been shown to accumulate in perivascular areas and adjacent extracellular space; eventually, liposome breakdown or phagocytic uptake could occur, resulting in the release of encapsulated drug for subsequent diffusion to nearby cancer cells (31) . The studies in this report confirmed that nontargeted liposomes act by efficient tumor extravasation followed by accumulation in tumor stroma, including the extracellular space and within tumor-associated macrophages. In contrast, anti-HER2 immunoliposomes, after equally efficient extravasation, predominantly accumulated within the cytoplasm of HER2-overexpressing tumor cells, indicating that binding and internalization of immunoliposomes in tumor cells occurs in vivo as well as in vitro. The internalization of anti-HER2 immunoliposomes was previously shown to be mediated by the MAb fragment, as immunoliposomes bearing irrelevant MAb fragments failed to bind or internalize in HER2-overexpressing cancer cells in vitro (5). To our knowledge, this is the first direct demonstration of immunoliposome-mediated intracellular drug delivery in tumor cells in vivo.
How does the internalization of drug-carrying immunoliposomes in tumor cells enhance therapeutic efficacy against solid tumors? One explanation is that internalization leads to the intracellular release of bioactive drug near its subcellular site(s) of action. In the case of doxorubicin, acidification of the immunoliposome milieu upon receptor-mediated endocytosis would lead to drug release into the endolysosomal compartment, followed by rapid permeation of doxorubicin into the cytosol and nucleus. Redistribution of doxorubicin and other weak lipophilic bases across lipid membranes towards acidic pH is wellestablished; for example, the efflux of doxorubicin from liposomes into acidified medium has been directly shown (36) . Another possibility is that MAb-targeting of immunoliposomes may facilitate better tumor penetration; this is supported by the more extensive distribution of immunoliposomes as compared with liposomes when visualized in tumor tissue. Although uptake by tumor-resident macrophages has been proposed as a mechanism for drug release from sterically stabilized liposomes (37) , this mechanism seems to be less direct and less efficient than intracellular release within tumor cells. Hence, although immunoliposome delivery did not quantitatively increase drug levels in tumor tissue, it qualitatively altered the mechanism of delivery to tumor cells for enhanced activity.
In conclusion, we have shown a distinct mechanism for immunoliposomal drug delivery to tumor cells in vivo. This mechanism does not involve increased tumor localization, which was due to the EPR effect, but rather exploits antibody-dependent binding and internalization in tumor cells. These results may have implications for other nanoparticle-based agents containing MAb fragments or other ligands, and suggest that such approaches should be engineered for efficient internalization. Anti-HER2 immunoliposomes capable of penetrating tumor tissue, internalizing specifically in HER2-overexpressing cancer cells and intracellularly releasing encapsulated drugs represent a potentially advantageous strategy for molecularly targeted drug delivery. 
